Recent advances in high-throughput technologies have resulted in a tremendous increase in the 14 amount of omics data produced in plant science. This increase, in conjunction with the 15 heterogeneity and variability of the data, presents a major challenge to adopt an integrative 16 research approach. We are facing an urgent need to effectively integrate and assimilate 17 complementary datasets to understand the biological system as a whole. The Semantic Web 18 offers technologies for the integration of heterogeneous data and its transformation into explicit 19 knowledge thanks to ontologies. We have developed the Agronomic Linked Data (AgroLD -20 www.agrold.org), a knowledge-based system relying on Semantic Web technologies and 21 exploiting standard domain ontologies, to integrate data about plant species of high interest for 22 the plant science community e.g., rice, wheat, arabidopsis. We present some integration results 23 of the project, which initially focused on genomics, proteomics and phenomics. AgroLD is now 24 an RDF knowledge base of 100M triples created by annotating and integrating more than 50 25 datasets coming from 10 data sources -such as Gramene.org and TropGeneDB-with 10 26 ontologies -such as the Gene Ontology and Plant Trait Ontology. Our objective is to offer a 27 domain specific knowledge platform to solve complex biological and agronomical questions 28 related to the implication of genes/proteins in, for instances, plant disease resistance or high yield 29
numerous applications exploit the advantages offered by biological ontologies such as: the Gene 48
Ontology [3] -widely used to annotate genes and their products-Plant Ontology [4] , Crop 49 Ontology [5], Environment Ontology [6] , to name a few. Ontologies have opened the space to various 50 types of semantic applications [7, 8] to data integration [9] , and to decision support [10] . Semantic 51 interoperability has been identified as a key issue for agronomy, and the use of ontologies declared a 52 way to address it [11] . Furthermore, efficient knowledge management requires the adoption of effective 53 data integration methodologies. This involves efficient semantic integration of the disparate data 54 sources, making information machine-readable and interoperable. Accordingly, Semantic Web 55 standards and technologies enforced by the W3C, and embracing Tim Berners-Lee's vision [12] , offers 56 a solution to facilitate integration and interoperability of highly diverse and distributed data resources. 57
The Semantic Web technologies stack includes among others the following W3C Recommendations: 58 the Resource Description Framework (RDF) [13] as a backbone language to describe resources with 59 triples, RDF Schema (RDFS) [14] to build lightweight data schemas, Web Ontology Language 60 (OWL) [15] to build semantically rich ontologies and the SPARQL Query Language (SPARQL) [16] 61 to query RDF data . All of the previous languages rely on Unique Resource Identifiers (URIs) to define 62 a resource and its components, enabling data interoperability across the Web. RDF describes a resource 63 and its relationships/properties in the form of simple triples, i.e., Subject-Predicate-Object offering a 64 very convenient framework for integrating data across multiple platforms assuming the platforms share 65 some common vocabularies to describe their objects. These triples can be combined to construct large 66 networks of information (also known as RDF graphs). A successfully implemented Semantic Web 67 application allows scientists to pose very complex questions through a query or a set of queries that 68 would return highly relevant answers to those questions, facilitating the formulation of research 69 hypotheses [17, 18] . 70
There are other approaches to meet the current data integration challenges, e.g., data warehouses. For 71 instance, Intermine [19] has developed a sophisticated application to accommodate the dynamic nature 72 of biological data and simplify data integration. However, with integrative biology gaining popularity, 73 it is necessary to preserve and share the semantics between the various datasets and make information 74 machine interoperable, enabling large scale analyses of information available over the Web. The 75
Semantic Web approach provides an added value, playing a complementary role to the traditional 76 methods of data integration. 77
In the recent years, the biomedical community has strongly embraced the Semantic Web vision as 78 demonstrated by a number of initiatives to provide ontologies [20, 21] Currently, there is a growing awareness within the agronomic domain towards efficient data 86 interoperability and integration [2,27,28]. The need for an umbrella approach for providing uniform 87 data is a widely-discussed topic. For instance, the Agriculture Data Interoperability Interest Group 88 (https://rd-alliance.org/groups/agriculture-data-interest-group-igad.html) instituted by the Research 89 Data Alliance (RDA) and agINFRA EU project (www.aginfra.eu) are initiatives that work on 90 improving data standards and promoting data interoperability in agriculture. Moreover, the community 91 has recently also started to adopt AgroPortal [11] as an vocabulary and ontology repository for 92 agronomy -and related domains such as nutrition, plant sciences and biodiversity-that support 93 browsing, searching and visualizing domain relevant ontologies, ontology alignments and creation of 94 semantic annotations. While plant-centric ontologies are now being used to annotate data by various 95 databases [2, 5,28], unlike in the biomedical domain, the adoption of Semantic Web in agronomy is 96 yet to be completely exploited. Given that agronomic studies involve multiple domains, publicly 97 available knowledge bases such as EBI RDF, Linked Life Data and Bio2RDF serves only limited 98 agronomical information. Hence, it is necessary to build on previous efforts and complete them to 99 provide information compliant with Semantic Web principles within agronomic sciences. This 100 adoption would certainly allow the homogenization of multi-scale information, thereby aiding in the 101 discovery of new knowledge. Therefore, we have developed an RDF knowledge-based system, fully 102 compliant with the Semantic Web vision, called Agronomic Linked Data (AgroLD -www.agrold.org) 103 presented hereafter. The aim of our effort is to provide a portal (to discover) and an endpoint (to query) 104 for integrated agronomic information and to aid domain experts in answering relevant biological 105
questions. 106
The rest of the paper is organized as follows: in the next section, we describe the data sources integrated 107 or used for the integration, the content and architecture of the knowledge-based system. In the 108 following sections, we present the user interface with some examples queries, then we discuss about 109 the contributions and the future directions. 110 2 Materials and Methods 111
Information sources 112
AgroLD was conceived to accommodate molecular and phenotypic information available on various 113 plant species (see Fig. 1 ). The conceptual framework for the knowledge in AgroLD is based on well-114 AgroLD relies on the RDF and SPARQL technologies for information modelling and retrieval. We use 137
OpenLink Virtuoso (version 7.2) to store and access the RDF graphs. The data from the selected 138 databases were parsed and converted into RDF using a semi-automated pipeline. The pipeline consists 139 of several parsers to handle data in a variety of formats, such as the Gene Ontology Annotation 
149
For this phase, each dataset was downloaded from curated sources and was annotated with ontology 150 terms URIs by reusing the ontology fields when provided by the original source. Additionally, we use 151 the AgroPortal web service API to retrieve the URI corresponding to the taxon available for some data 152 standards such as GFF. At the end of phase 1, early 2018, the AgroLD knowledge base contains around 153 100 million RDF triples created by converting more than 50 datasets from 10 data sources. 154
Additionally, when available, we used some semantic annotation already present in the datasets such 155 as, for instances, genes or traits annotated respectively with GO or TO identifiers. In that case, we 156 produce additional properties with the corresponding ontologies thus adding 22% additional triples 157 validated manually (see details in Table 1 ). The OWL version of the candidate ontologies were directly 158 loaded into the knowledge base but their triples are not count in the total. 159
The RDF graphs are named after the corresponding data sources (protein/qtl ontology annotations 160 being the exception), sharing a common namespace: "http://www.southgreen.fr/agrold/". The entities 161 in the RDF graphs are linked by shared common URIs. As a design principle, we have used URI 162 schemes made available by the sources (e.g., UniprotKB) or by Identifiers.org registry 163 Fig. 3 . 170
To map the various data types and properties, we developed a lightweight schema (cf. Results and Discussion 211 RDF knowledge bases are accessed via SPARQL endpoints and in certain cases equipped with faceted 212 browser interfaces. Using SPARQL endpoints require a minimal knowledge of SPARQL, this may 213 result in the resources not being exploited completely. Alternatively, faceted browser interfaces help 214 the user in getting acquainted with information in the resource (e.g., retrieving a local neighborhood 215 for a particular term), the presence non-textual details (e.g., URIs) in the results could be confusing. 216
To this end, we attempted to lower the usability barrier by providing tools to explore the knowledge 217 base. In this section, we demonstrate the complementary role of the Advanced Search and Explore 218
Relationships query tools with that of the SPARQL Query Editor. 219
We developed the SPARQL Query Editor based on the YASQE and YASR tools [45] and customized 220 for our system. The query page includes a list of modularized example queries, customizable according 221 to the users' needs. 222
For the comparison, we consider a sample question: 'Retrieving genes that participate in Calvin cycle'; 223 (Q6 in the online list of modularized queries). As illustrated in Fig 4, the user can run the query to 224 retrieve the list of genes participating in the given pathway ( Fig. 4a ). Additional information on a gene 225 of interest can be retrieved by clicking on the URI. For example, clicking on AT1GI870 226 (http://identifiers.org/ensembl.plant/AT1G18270) redirects the users to the gene information provided 227 by Gramene/Ensembl Plants resource (Fig. 4b) . The query can be saved and the results can be 228 downloaded in a variety of formats such as JSON, TSV, and RDF/XML. Additionally, user defined 229 queries could also be uploaded. The Advanced Search query form is based on the REST API suite (http://www.agrold.org/api-doc.jsp), 250 developed completely within the AgroLD project. The aim of this feature is to provide non-technical 251 users with a tool to query the knowledge base. Fig. 6 illustrates steps involved in retrieving information 252 for Q6, using the query form: 253 a) The user selects Pathways from the list of entities and enters the pathway of interest, in this 254 case, Calvin cycle (Fig. 6a) ; 255 b) The list of genes involved in the pathway can be retrieved by selecting the pathway. 256 Furthermore, information on a gene of interest can be retrieved by selecting the specific gene (Fig. 6b) . 257
For instance, clicking on AT1GI870 (Fig. 6c ) displays all the proteins the gene encodes and the 258 pathways the gene participates in (apart from Calvin cycle). The RESTful API supports the query form 259 and was developed for programmatic retrieval of entity specific knowledge represented in AgroLD. 260
The current version of the API suite (ver. 1) can be used to retrieve gene and protein information, 261 metabolic pathways, and proteins associated with ontological terms. This is achieved by querying 262 entity by name or identifier. A more detailed comparison of the various query form is provided in 263 Supplementary material. 264 based on their experience with a few queries submitted to the system. We have used this approach to 278 collect user opinions, comments and suggestions via a feedback form directly within the AgroLD web 279 application. The form includes some questions from the "System Usability Scale" questionnaires [47] 280 and other questions that we considered important. The three main criteria evaluated are: 281 1.
Usability -ease to submit a query (number of attempts, time required) and presentation of the 282 results; 283 2.
Expressiveness -type of queries a user is able to formulate (e.g., keywords or more complex 284 expressions); 285
3.
Performance -speed, correctness and completeness of the results. 286
In 2017, 8 participants were invited during 2 testing sessions, to search for concepts, genes, or pathways 287 of their interests; and the online form was active (http://agrold.org/survey.jsp) to allow new feedbacks 288 during the exploitation phase. Each question had 5 possible answers ranked from the highest to the 289 lowest note (5 to 1). Some search examples are given in the Supplementary material. 290
Overall, the idea of data navigation and traversal through knowledge graphs was well received. Quick 291
Search won votes for usability and performance (7 participants noted 5), despite several comments to 292 improve the ranking and presentation of results (4 user's comments). SPARQL Query Editor won the 293 expressiveness evaluation (5 participants noted 5). Advanced and Explore search got average scores 294 but good comments on the capability of discovering unexpected results (e.g., nearest neighbour entities 295 in the graph for the Explore Search and additional results from external Web services for Advanced 296 Search). These user feedbacks reinforced the need for knowledge bases such as AgroLD, wherein users 297 could retrieve information across various data types and sources. This knowledge discovery is 298 supported by the use of shared URI schemes and domain ontologies. The testing sessions also helped 299 us to identify areas for further improvement. Plus, we received suggestions on improving the AgroLD's 300 coverage with more data types such as gene expression data, and protein-protein interactions. 301
Considering, linked data and Semantic Web are still not widely adopted in agronomy, increasing 302 AgroLD's coverage will be an incremental process engaging our user community. This situation is 303 expected to improve with new community efforts such as the Agrisemantics RDA Working Group 304 (https://rd-alliance.org/groups/agrisemantics-wg.html), which role is to reinforce the adoption of 305 semantic technologies in the agri-food domain. We may also mention the AgBioData consortium 306 Furthermore, we observed that although the information integrated in AgroLD came from curated 309 sources, scientists often prefer to validate these knowledge statements against assertions made in 310 scientific articles. Currently, we have implemented an external Web Services as part of the Advanced 311 However, this feature does not provide detailed (sentence level) assertions described in those 314 publications. This is an area that requires further work. With the recent developments towards making 315 text mined (sentence level) annotations available as RDF [49] , query federation can be explored to 316 retrieve entity specific assertions. This would serve as an additional provenance layer. 317
Limits and Perspectives 318
With the achievement of the first phase of AgroLD, many plant scientists can benefit from the 319 interoperability of the data, but user feedback reveals some limitations and challenges on the current 320 version of AgroLD. In order to achieve the expectations of the scientists for the use of Semantic Web 321 technologies in agronomy, a number of issues need to be addressed: 322
• The coverage content has to be extended to a larger number of biological entities (e.g., miRNA, 323 mRNA) or interaction between them (e.g., co-expression, regulation and interaction networks) 324 in order to capture a broad view of the molecular interactions. 325
• We have observed many information remains hidden in RDF literal contents such as biological 326 entities or relationship between them. This information is poorly annotated (i.e., plain text not 327 formally expressed) and new research methods to identify biological entities and reconstruct 328 their relations further allowing the discovery of relevant links between related resources are 329 required. 330
• The explosion of data in agronomy forces database providers to augment the frequency of their 331 releases. The survey shows a growing interest of using up to date information from the original 332 sources. This have to be taken into account for the updating process in AgroLD. 333
• The user interfaces show some limitations to manage responses with large number of results, 334 e.g., to filter and rank them with precision score. 335
These limitations identified in the current version of AgroLD will be improved in the following 336 versions. We will focus on the following areas: 337
• User Interface: we plan to explore features offered by Elastic search tool 338 (https://www.elastic.co), to enabling Quick Search retrieving retrieve more textual information 339 and hiding the technical details. Further, we will improve the performance and expand the API 340 suite to cover other entities represented in AgroLD (e.g., genomic annotation and homology 341 information). 342 Additionally, we plan to fully automate the current ETL workflow. 355
Conclusion 356
Data in the agronomic domain are highly heterogeneous and dispersed. For agronomic researchers to 357 make informed decisions in their daily work it is critical to integrate information at different scales. 358 Current traditional information systems are not able to exploit such data (i.e., genes, proteins, metabolic 359 pathways, plant traits, and phenotypes), in efficient way. To this end, the application of Semantic Web, 360 initiated in the biomedical domain, provides a good example to follow by capitalizing on previous 361 experiences and addressing weaknesses. 362
To further build on this line of research in agronomy, we have developed AgroLD. We have 363 demonstrated the advantages of AgroLD in data integration over multiple data sources using plant 364 domain ontologies and Semantic Web technologies. To date, AgroLD contains 100M of triples created 365 by transforming more than 50 datasets coming from 10 data and annotating with 10 ontologies. The 366 impact of AgroLD is expected to grow with an increase in coverage (with respect to the species and 367 the data sources) and user inputs. For instance, when user feedback and implementation of inference 368 rules are put within a context that supports searching and recommendations, then we have the 369 beginnings of a platform that can support automated hypotheses generation. 370
AgroLD is one of the first RDF linked open data knowledge-based system in the agronomic domain. 371
It demonstrates a first step toward adopting the Semantic Web technologies to facilitate research by 372 integrating numerous heterogeneous data and transforming them into explicitly knowledge thanks to 373 ontologies. We expect AgroLD will facilitate the formulation of new scientific hypotheses to be 374 validated with its knowledge-oriented approach. 375
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